Abstract. Dysregulated microRNA-329 (miR-329) serves an important role in the progression of certain types of tumor. However, the exact function and mechanisms of miR-329 in papillary thyroid cancer (PTC) remain unknown. The present study investigated the function and mechanisms of miR-329 in regulating PTC cell progression. The results revealed that the expression of miR-329 was significantly downregulated in PTC tissues and cell lines compared with adjacent normal tissues and a human immortalized follicular cell line. miR-329 mimics notably decreased PTC cell proliferation, colony formation and WNT1 expression in vitro, as well as suppressing PTC tumor growth in vivo. In addition, luciferase assays determined that miR-329 was able to directly bind with the 3'untranslated region of WNT1. Furthermore, short interfering RNA-WNT1-induced downregulation of WNT1, which demonstrated similar effects to miR-329 overexpression. WNT1 overexpression rescued the tumor suppressive effects of miR-329 in PTC cells. The present study provided new insights into the role of miR-329 in PTC progression and suggests the potential application of miR-329 as a therapy for PTC.
Introduction
Thyroid cancer is the most common tumor of the endocrine system, and its incidence rate has remarkably increased over the past several decades (1) . Thyroid cancer can be classified into four types depending on pathological type: Papillary, follicular, medullary and anaplastic thyroid cancer. Papillary thyroid cancer (PTC) is the most common type of thyroid malignant tumor that accounts for approximately 90% of all thyroid cancer (2) . In most cases, patients with PTC have an excellent prognosis after they undergo surgical resection combined with radioiodine and levothyroxine treatment. However, 10-15% of patients suffering from PTC with relapses and distant metastases frequently elicit a poor response to standard treatments and achieve poor clinical outcomes (3) . Therefore, molecular mechanisms underlying the formation and progression of PTC must be elucidated to improve its diagnosis, therapy and prevention.
MicroRNAs (miRNAs) are a group of small non-coding RNAs that regulate gene expression through translation repression or mRNA degradation by binding to the 3'-untranslated region of a target mRNA (4) . miRNAs are involved in the regulation of cell survival, proliferation and migration by mediating the expression of their target genes (5) . Alterations in miRNA expression are likely implicated in PTC development and progression. miR-329 located on 14q32.31 participates in the progression of several cancers (6) (7) (8) (9) (10) (11) (12) (13) . However, the expression levels, biological functions and associated molecular mechanism of miR-329 in PTC have yet to be elucidated.
In the present study, we measured miR-329 expression in PTC tissues and cell lines. We also investigated the regulatory roles of miR-329 in PTC cells. Moreover, we explored the underlying molecular mechanism of its actions in PTC cells.
Materials and methods
Tissue sample collection. Paired PTC and adjacent non-tumor tissues were collected from 20 patients who underwent surgical resection at Linyi Central Hospital. All patients had not received chemotherapy or radiotherapy before surgery. Tissue samples were collected during surgery, frozen in liquid nitrogen, and then stored until total RNAs were extracted. Informed consent was obtained from each patient, and the study protocol and consent procedures were approved by the ethics committee of Linyi Central Hospital (Linyi, China).
Cell culture and cell transfection. Human PTC cell lines (TPC-1 and BCPAP) and human immortalized follicular cell line (Nthy-ori3-1) were obtained from the ATCC (Manassas, VA, USA). BCPAP originally classified as a thyroid gland papillary cancer but is now considered to be a poorly differentiated thyroid gland cancer (14) . In the present study, BCPAP acts as poorly differentiated thyroid cancer cell line to further confirm the experiments results
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of TPC-1 and not affect the outcomes of this study. The cell lines were authenticated using short-tandem repeat profiling with BMR Genomics. Colony formation assay. Cell proliferation was analyzed by using the plate colony formation assay. A total of 400 cells from each group were seeded in a new six-well plate and cultured for approximately 10 days until colony formation was observed. The colonies were fixed with methanol and stained with 1% crystal violet (Beyotime Institute of Biotechnology, Haimen, China). Images of the colonies were obtained, and the colonies with more than 50 cells were counted under a microscope (Olympus Corporation, Tokyo, Japan).
CCK-8 assay.
The viability of TPC-1 and BCPAP cells was determined by using the CCK-8 assay. TPC-1 and BCPAP cells stably transfected with miR-329 mimic or miR-NC were seeded in 96-well plates at a density of 1x10 3 cells per well and then cultured for 24, 48, and 72 h before performing the CCK-8 assay. After 4 h of incubation with CCK-8 at 37˚C, the absorbance (OD value) at a wavelength of 450 nm was detected and used for calculating cell viability.
Cell migration and invasion assays. Cell migration and invasion assays were analyzed by using Transwell chamber in accordance with the manufacturer's instruction. For the invasion assay, the upper sides of the filters were coated with 50 µl of Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). TPC-1 and BCPAP cells stably transfected with miR-329 mimic or miR-NC were plated at a density of 5x10 4 cells per well in the upper chamber without serum. The lower chamber was filled with 600 µl of the DMEM medium with 10% FBS to act as the nutritional attraction. After incubation for 8 h (migration) and 24 h (invasion), the cells on the upper membrane surface were removed, whereas the invasive cells attached to the lower surface of the membrane insert were fixed with 70% methanol for 30 min and stained with 0.1% crystal violet for 10 min. Then, the cells were counted in five randomly selected fields per well under a light microscope (Olympus Corporation).
RNA extraction and quantitative real time PCR (qPCR).
Total RNAs (inclusive of miRNAs) were extracted from cells or xenograft tissues using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in accordance with the manufacturer's protocol. To measure the expression levels of miR-329, qPCR assay was performed, and RNU48 served as the internal control. To analyze the mRNA levels of WNT1, total RNAs were reversely transcribed by oligodT primer using PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). GAPDH served as the endogenous control. The relative expression levels of miR-329 and WNT1 were calculated as the inverse log of ΔΔCT Western blot analysis. Equal amounts of the protein from lysates of PTC cells were subjected to 10% SDS-PAGE and then transferred onto PVDF membranes. The immunoreactive bands were first incubated with the primary antibodies, including WNT1 (1:500) and GAPDH (1:1,000; both from Santa Cruz Biotechnology, Inc.) antibodies. The intensity of protein bands was detected by Image-Pro Plus v.6.0 software (National Institutes of Health, Bethesda, MD, USA). GAPDH served as the loading control.
Dual luciferase reporter assay. The wild-type (WT) and mutated putative (mut) miR-329 target sequences in the WNT1 3'UTR were amplified from human WNT1 cDNA by PCR and then cloned into the SacI and HindIII sites of the pmiRNA-report firefly luciferase vector (GeneChem). TPC-1 and BCPAP cells were seeded in a 24-well plate and co-transfected with the WT or MUT reporter plasmid, a Renilla luciferase plasmid, and miR-329 mimic or miR-NC. Luciferase activities were measured 24 h after transfection using a dual luciferase assay kit (Promega Corporation, Madison, WI, USA). Firefly luciferase activity was normalized to its corresponding Renilla luciferase activity.
Tumourigenesis assay in nude mice. All experimental procedures involving animals were approved by the Ethics Committee of Linyi Central Hospital (Shandong, China). 5-week-old BALB⁄c athymic nude mice (n=12, female, weight range; 20-22 g) (Jilin University, Changchun, China) and maintained in a SPF environment with constant humidity (45-50%) and constant temperature (25-27˚C) under a 12 h light/dark cycle with free access to food and water. BCPAP cells stably transformed with miR-329 or miR-NC were inoculated subcutaneously into the right flanks of nude mice. Each experimental group included six mice. Tumor growth was measured every 7 days from injection using a digital caliper, and the tumor volume was calculated by the following formula: tumor volume=(length x width 2 )/2. After 42 d, the mice were sacrificed, and xenografts were harvested.
Statistical analysis. Statistical analyses were performed using SPSS v.13.0 software (SPSS, Inc., Chicago, IL, USA). Differences between two groups were assessed using Student's t-test (two-tailed). Data of more than two groups were analyzed using one way ANOVA with post hoc test by Tukey's test. Correlations between WNT1 and miR-329 were analyzed using Spearman rank correlation. Each experiment was performed at least three times. P<0.05 was considered to indicate a statistically significant difference and results are represented as means ± standard deviations (SD).
Results

miR-329 is downregulated in PTC tissues and cell lines.
The expression levels of miR-329 in 20 paired samples (PTC specimens and corresponding adjacent non-tumor tissues) were detected via qPCR. Results showed that miR-329 expression was remarkably lower in tumor tissues compared to adjacent normal tissues (Fig. 1A) . In addition, the expression of miR-329 in PTC cell lines (TPC-1, BCPAP) was significantly reduced compared to that in the human immortal follicular thyroid cell Nthy-ori3-1 (Fig. 1B) .
Overexpression of miR-329 reduced the cell proliferation in PTC cells. The overexpression of miR-329 was achieved by transfection with miR-329 mimic in TPC-1 and BCPAP, as verified using qPCR assays ( Fig. 2A) . As exhibited by CCK-8 assays, the cell viability of TPC-1 and BCPAP cells was significantly inhibited after miR-329 overexpression compared to that of cells transfected with miR-NC ( Fig. 2B and C) . In addition, results of the colony formation assay illustrated that the proliferation of miR-329 overexpression cells was significantly decreased relative to that of cells transfected with miR-NC ( Fig. 2D and E) . Furthermore, the results of the western blot revealed that miR-329 overexpression significantly decreased the expression of the WNT1 oncogene (Fig. 2F) .
miR-329 inhibited the migration and invasion capability of PTC cells in vitro.
To evaluate the migration and invasion potential of PTC cells transfected with miR-329 mimic, trasnswell assay was performed in vitro. The overexpression of miR-329 significantly decreased the number of PTC cells capable of migration and invasion (Fig. 3A-D) . These results suggested that miR-329 reduced the migration and invasion of PTC cells in vitro.
WNT1 was a direct target gene of miR-329.
We identified WNT1 mRNA as one of the putative miR-329 targets by using the microrna.org and Targetscan 7.2 (http://www. targetscan.org/vert 72/) (Fig. 4A) . To demonstrate whether miR-329 affects WNT1 expression in PTC, we examined the expression of WNT1 in TPC-1 and BCPAP cells transfected with miR-329 mimic. The data showed that levels of WNT1 mRNA (Fig. 4B) and protein (Fig. 4C) were both decreased in TPC-1 and BCPAP cell transfected with miR-329 mimic. To further verify that WNT1 mRNA is a direct target of miR-329, luciferase reporter assays was analyzed. The results illustrated that luciferase activity was remarkedly reduced by miR-329 transduction in TPC-1 and BCPAP cells expressing a reporter driven by the WT WNT1 3'-UTR, but not the mutated WNT1 3'-UTR (Fig. 4D and E) . Furthermore, we showed that the mRNA expression of miR-329 was reversely correlated with WNT1 in PTC tissues (Fig. 4F) .
WNT1 silencing inhibited PTC cell viability, proliferation, migration and invasion in vitro.
To further determine whether WNT1 play a critical role in PTC progression, we performed in vitro function loss analyses by WNT1 silencing with siWNT1. Results of western blot showed that the expression of WNT1 was significantly decreased in TPC-1 and BCPAP cells (Fig. 5A) . Cell viability was detected via CCK-8 assay. The results showed that knockdown of WNT1 in PTC cells significantly inhibited cell viability (Fig. 5B and C) . Furthermore, the colony formation assay showed that the proliferation of WNT1 silencing cells was significantly inhibited (Fig. 5D) . In addition, the transwell migration and invasion assay showed that the WNT1 silencing significantly decreased the migration and invasion capability of TPC-1 and BCPAP cells (Fig. 5E and F) .
miR-329 suppressed tumor growth in vivo.
To evaluate the effects of miR-329 on tumor progression in vivo, we extended our investigation by subcutaneous implantation of stably overexpressing miR-329 BCPAP cells in nude mice. Tumor volume were examined every 7 d for 42 d, at which point the tumors were removed for photograph (Fig. 6A) and analysis. As shown in Fig. 6B and C, the results showed that the volumes and weight of xenografts derived from cells with miR-329 mimic were significantly smaller than that of miR-NC group. In addition, the qPCR results showed that the expression of miR-329 was significantly enhanced in xenografts from miR-329 mimic-transfected cells (Fig. 6D) . However, the mRNA expression of WNT1 was remarkedly decreased in the xenografts tissues derived from the cells transfected with miR-329 mimic (Fig. 6E) .
Overexpression of WNT1 overcame the miR-329-mediated inhibition of cell progression.
We investigated whether WNT1 overexprssion rescued the progression inhibition effect of miR-329 mimic in PTC cells. The expression of WNT1 was analyzed by western blot (Fig. 2F) . Results of CCK-8 ( Fig. 2B and C) and colony formation assay ( Fig. 2D and E) showed that WNT1 overexprssion reversed the inhibition of cell viability and proliferation. Results of transwell migration and invasion assay showed that WNT1 overexpression significantly reversed the inhibition of cell migration and invasion via regulating WNT1 in PTC cell (Fig. 3A-D) .
Discussion
In the present study, we showed that miR-329 was downregulated in human PTC tissues compared with that in adjacent normal tissues, and its levels were lower in the PTC cell lines TPC1 and BCPAP than in the normal cell line. Further studies illustrated that miR-329 overexpression suppressed PTC cell viability, proliferation, migration and invasion in TPC1 and BCPAP cells. The present study also demonstrated that miR-329 directly targeted WNT1 to inhibit the biological behaviour of PTC cells. Spearman's correlation analysis revealed that the expression of miR-329 was inversely correlated with mRNA expression of WNT1 in PTC tissues. miR-329 also suppressed tumor growth in nude mice by inhibiting WNT1. These findings illustrated that miR-329 inhibited the development and progression of PTC.
Previous studies reported that miR-329 expression is decreased in several different types of cancers (6-13).
Wang et al (6) , reported that miR-329 was downregulated in pancreatic cancer and involved in the inhibition of pancreatic cancer progression by regulating the GRB2/pERK pathway (6) . miR-329 might partially inhibit neuroblastoma progression by targeting KDM1A (7) and play an important role in lung cancer progression through the inhibition of cell proliferation, migration, invasion and apoptosis by targeting oncogenic MET (9) . In gastric cancer progression, miR-329 possibly prevented cell proliferation, migration and invasion by targeting TIAM1 (10) . However, expression of miR-329 in oral squamous cell carcinoma specimens was increased compared with that in matched tissue ulcerative colitis, suggesting its function as an oncogene (11). Therefore, miR-329 performed dual functions: tumor suppressor or oncogene dependent on specific cancer types. In the present study, results showed that expression of miR-329 was downregulated in PTC tissues and cell lines, suggesting the tumor suppressive role of miR-329 in PTC progression. To further illustrate the function of miR-329 in PTC development, we conducted cell transfection and found that miR-329 overexpression significantly reduced the viability, proliferation and migration and invasion of PTC cells. These results illustrated that miR-329 repressed tumour progression in PTC carcinogenesis, and further demonstrated that the same gene might serve as oncogene or tumor suppressor depending on the type of tissue and the context in which they were expressed.
Many miR-329 targets have been identified in various types of cancer. In the present study, WNT1 was determined as a target gene of miR-329 in PTC. miR-329 could also regulate the viability, proliferation and metastasis of PTC cells by targeting WNT1. WNT1, the first member of the 19 known members of the human Wnt family, has been shown to promote cancer progression because it triggers cell proliferation and metastasis (15, 16) . WNT1 binds to specific Frizzled surface receptors of cells to activate different signalling pathways, resulting in the accumulation and nuclear localisation of the downstream molecule β-catenin protein (17) (18) (19) . In this study, an important molecular association between miR-329 and WNT1 was demonstrated. Dual luciferase reporter assays illustrated that WNT1 was one of the direct target genes of miR-329. Furthermore, the ectopic expression of WNT1 remarkably enhanced the viability, proliferation and migration and invasion of PTC cells reduced by miR-329 mimic, suggested that WNT1 might be one of the functional target genes of miR-329. In addition, the mRNA expression of WNT1 was inversely correlated with miR-329 levels in PTC tissues. At last, the knockdown of WNT1 repressed PTC cell viability, proliferation and migration and invasion in vitro. These results implied WNT1 is a functional target gene of miR-329 in PTC.
In summary, the present study is the first to provide evidence that miR-329 is downregulated in thyroid cancer tissues and cell lines. miR-329 also functions as a tumor suppressor of PTC growth by targeting WNT1. This newly identified miR-329/WNT1 link provides new insight into the mechanisms underlying PTC development, and suggests that targeting the miR-329/WNT1 axis may represent a promising therapeutic strategy for PTC treatment. Nevertheless, further studies are needed to determine the exact mechanism of decreased miR-329 expression during the progression of PTC and to further explore other possible targets of miR-329 in PTC.
